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Summary — We review the metabolism ol specilic sugars used lor protein glycosylalion. locusing on the late of exogenously provided 
sugars. Theoretically, all glycoprotein sugars can derive from glucose, but previous studies show that other exogenous sugars can be incor¬ 
porated into glycoproteins. Prom data obtained in congenital galactosemia, exogenous galactose may he important lor correct glycosylalion. 
Contrary to galactose, the metabolism ol other sugars seems to depend on insulin regulation: stimulation of their endogenous production in 
diabetic subjects might participate in some diabetic complications, precluding the need for an exogenous supply. The metabolic fate ol these 
sugars is different according to the administration route and exogenous supply may be important either in enteral nutrition or in some clinical 
situations as has been suggested for sialic acid in the newborn. Data in man are too sparse to reach firm conclusions, implying a need for 
further investigations. Our preliminary results in animals and man demonstrate that stable isotope methodology allows one to trace glyco¬ 
protein sugar metabolism in nutritionally relevant conditions with accuracy and sensitivity, using doses of specific sugars well below toxic 
levels. (© Soeiete francaise de hiochimie et biologic moleculaire / Klsevier. Paris). 


dietary sugars / glycoprotein biosynthesis / stable isotopes 
Introduction 

Glycoproteins are ubiquitous in mammals; their glyean 
moieties exhibit diverse important functions, from non-spe¬ 
cific roles in protein structure and stability to very specific 
ones in signal recognition. The carbohydrate chains are syn¬ 
thesized by a non-template mechanism, for which ex¬ 
pression of specific glyeosyliransferases in subccllular 
compartments clearly plays a major regulatory role. How¬ 
ever, despite a high level of genetically determined control, 
glycans display a range of structural mierohcierogeneily in 
a given individual. As a source of this microheterogeneity, 
the availability of specific sugar-nucleotides, obligatory 
substrates for glyeosyliransferases, could represent an alter¬ 
native control mechanism which has received little attention 
and depends on the metabolism of two moieties, sugar and 
nucleotide. Nutritional factors (quantity or quality of 
various nutrients) can induce modifications in glycosylalion 
processes 111. A part of the reported effects of nutrients 
relies on nucleotide availability: for example, protein intake 
regulates nucleotide availability |2| and nucleotide avail¬ 
ability could influence glycosylalion |3|. In clinical prac¬ 
tice, antimetabolites interfering with nucleotide metabolism 
could exert a part of their cytotoxic effects by altering gly- 
eosylation |4|. Another part of the effects of nutrition could 
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depend on specific sugar availability, which will be the 
focus of this review. Theoretically, all glycoprotein sugars 
can derive from glucose. However, it is known that specific 
sugars could be more or less efficiently incorporated into 
glycoproteins, but it is not known whether exogenous spe¬ 
cific sugars could be preferential substrates for glyeosyl 
ation or have a metabolic usefulness or exert regulatory 
properties in glycosylalion processes. In the last part of this 
paper, we present preliminary results in man, demonstrating 
that stable isotope methodology could be applied to the 
study of glycoprotein sugar metabolism in nutritionally 
relevant conditions. 


Nutritionally relevant data on sugar metabolism in 
relation to glycoprotein glycosylalion 

The general picture of the metabolism of specific sugars lor 
glycosylalion is shown in figure I. Close contact points 
with major metabolic pathways of important nutrients are 
obvious, but the physiological significance of such interac¬ 
tions is still poorly understood. 

Galactose 

Galactose has been the most studied non-glucose sugar 
since, via lactose from dairy products, it is abundant in the 
diet and provides substrate for oxidation or glycogen syn- 



Mr I, Simplified gcnerul scheme of the metabolism of specific sugars. En/ymes arc numbered consecutively according lo their order of 
appearance in the text, Sugars in boxes can he supplied by the diet. Thin line: minor route. In \itiv regulation of enzymatic activities by 
substrates or products; dotted lines, inhibition; dashed lines, activation, bull circles on arrows indicate suggested in vivo rate-limiting steps. 
1»Oalaetokinase EC 2,7, l ,6; 2, galactose’ l -phosphate uridyltranslerase EC 2.7.7.12; X UDP-galactose 4-epimernse EC 5.1.3.2; 4. UPP-ga- 
laetose pyrophosphoryiuse EC 2,7,7,10; 5, phosphoglucose isomcrase EC 5.3.1.0; 6, UDP-glueosc pyrophosphorylasc EC 2.7.7.9; 7. hexo- 
kinase EC 2,7,1,1; 8, mannokinase EC 2,7,1,7; 9, phosphomanno.se isomcrase EC 5.3.1.8; 10. phosphomannonuitase EC S.4.2.8; II. 
(H)P mannose pyrophosphorylasc EC 2.7.7.13; 12. Cd3P-manno.se 4.6 dehydratase EC 4.2.1.47; 13. GDP-4-keto,6-deoximannose epimer- 
asc>rcductuse EC 1,1.1.187; 14, fucokinase EC 2.7.1.52; 15. GDP-fucose pyrophosphorylasc EC 2.7.7.30; 16. glutamine: fruetose-6-phos- 
phate amidotransferase EC 2.6.1.16; 17. glueokinase EC 2,7.1.2; 18. glueosamine-6-phosphate ucety (transferase EC 2.3.1.4; 19. 
NHteeiylgUtcosamine-6-phosphate muta.se EC 2.7.S.2; 20. UDP-N-acetylglucosamine pyrophosphorylasc EC 2.7.7.23; 21. N-acctylgalacto- 
samine kinase, EC not yet attributed; 22, UDP-N-ucetylguluctosamme 4-epimerase EC 5.1.3.7; 23. CMP-N-ncetylneuraminic acid synthase 
EC 2,7,7,43; 24, UPP-N-aeetylglueosamine 2-epimerase EC 5.1.3.14; 25. N-acetylmannosamine kinase EC 2.7.1.60; 26. N-acetylneuraminic 
acid 9 P synthase EC 4,1.3.20; 27. N-acetylneuraminic acid 9-phosphatase EC 3.1.3.29. 


thesis, while the existence of galactosemia by deficiency in 
galactose-1-phosphate uridvltranslerasc activity has led to 
research which is relevant to glycoprotein synthesis. 

Galactose is well absorbed from the intestine by glucose 
facilitative transporters SGLTI and GLUT I |5|, Despite 
common transporters, there is evidence in man that compe¬ 
tition for absorption between galactose and glucose is not 
the single determinant of the reduced galactosemia ob¬ 
served after concomitant ingestion of galactose and glucose 


as compared to ingestion of galactose alone |6|. Galactose 
absorption is modulated by many factors such as antibiotics 
|7| which are not relevant to current nutrition, so that ga¬ 
lactose absorption is used as a marker for the effect of a drug 
on intestinal absorption. The presence of glucose accel¬ 
erates galactose removal from blood [6, 8, 9| which is per¬ 
formed essentially by the liver |8, 10. 11] although some 
other organs such as kidney 112 J or intestine can also utilize 
this sugar. Non-metabolized galactose is excreted in the 
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urine with no evidence of a threshold 1131- The predomin¬ 
ance of galactose metabolism in the liver has led to the study 
of galactose clearance as a marker for liver dysfunction: 
thus, galactose clearance is predictive ol death in cirrhotic 
patients j 141. Galactose is converted to a large extent into 
glucose in the Leloir pathway which has been rev iewed 
elsewhere 115-17) so that only data relevant to our objec¬ 
tive will be briefly indicated. 

Galactokinase (#1 in fig l) proceeds via a sequential re¬ 
action, non-competilively inhibited by galactose-1-phos¬ 
phate and competitively by Mg-ADP 118|. In HepG2 cells, 
the presence of galactose in the medium decreases the ac¬ 
tivity of the enzyme which could be the rate-limiting 
enzyme in the pathway | 19|. 

The second enzyme in the Leloir pathway is galactose- 
I-phosphate uridyllransferase (#2), which produces UDP- 
galactose and glucose-1-phosphate from 
galactose-1-phosphate and UDP-glucose. The enzyme has 
been cloned |2()| and is deficient in galactosemia. Its ex¬ 
pression is developmentally regulated [21. 221. It is acti¬ 
vated by glucose |23| and by the presence of galactose, 
either in the culture medium for HepG2 cells 119|, or in the 
diet [241 or in intravenous perfusion especially in the young 
where the activation is enhanced by feeding folic acid 1251. 
In HepG2 cells, the regulation by galactose appears to be 
located at a post-transcriptional level and correlates to cell 
growth |26|. Enzyme activity is sensitive to substrate in¬ 
hibition by UDP-glucose or galactose-1-phosphate and is 
also inhibited by various uridine nucleotides |I6|. This 
enzyme consists of a dimer |27|, each catalytic site hearing 
a single binding site, so that it follows a ping-pong mech¬ 
anism 1171. 


The third enzyme in the pathway is UDP-galactose 
epimerase (#3), which has two functions. In presence ol an 
excess of exogenous galactose, it provides UDP-glucose for 
the function of the uridyUransferase; like the transferase, it 
is inhibited by UDP-glucose and uridine nucleotides |I6|. 
Conversely, in the absence of exogenous galactose, this 
enzyme is responsible for endogenous formation of galac¬ 
tose from glucose, which is around 0.5-1.05 mg/kg h in 
man in the lasted state, at the same level in normal or ga- 
lactosemic subjects |28|. This production could account for 
galactose toxicity in galactosemic subjects who cannot re¬ 
cycle endogenously formed galactose and provides an alter¬ 
native explanation to the hypothesis that toxicity could arise 
from hidden sources of galactose in the diet [201. 

Three other enzymes could be involved in the metabo¬ 
lism of galactose 116], but their physiologic importance is 
not known in normal man, though they could be important 
in galactosemic subjects [30[: UDP-galactose pyrophos- 
phorylase (#4) is high in the neonatal period, then decreases 
to 1/100 of uridyltransferase activity [ I6|; phosphoglucose- 
isomerase (#5) is able to produce galactose-6-phosphate; 
UDP-glucose pyrophosphorylase (#6) could also react with 
galactose-1-phosphate and produce UDP-galactose. 


\ ia these puthu ays. galactose enters three major metabo¬ 
lic routes: i) incorporation into glycogen: the synthesis of 
glycogen from galactose, though less efficient than from 
glucose [31 j. uses up to 3(> f f of exogenous galactose [32]. 
the epimerase step being likely the rate-limiting step for this 
synthesis. The drug acetaminophen can be used to trace the 
label of the precursor pool UDP-galactose used in glycogen 
or glycoprotein synthesis since acetaminophen is conju¬ 
gated with glucuronic acid derived from glucose or galac¬ 
tose and the conjugate eliminated in the urine [9. 331: ii> 
oxidation in the glycolytic pathway: the oxidation rate of 
galactose is limited as compared to glucose and reaches 
only 5097 that of glucose during physical exercise [34|. In 
the fasting state in man, 27~47 r /r of galactose in tracer 
amounts (7 mg/kg) arc converted to carbon dioxide within 
5 h 1351. This proportion of oxidation does not seem to be 
modified with a larger load |3h|: and iii) since all the 
exogenous galactose is not found in these two pathways, 
there must be a third pathway, glycoconjugate biosynthesis 
usine UDP-galactose as substrate of elvcosyltranslerases. A 
specific transporter moving UDP-galactose across Golgi 
membrane for this purpose has been cloned |37[. Perhaps 
due to the existence of oxidation and the incorporation into 
glycogen, labeled galactose has been very little used for the 
study of glycoprotein metabolism. 

Interesting data have been obtained by the study of 
‘classic* galactosemic patients carrying uridyltransferase 
deficiency. UDP-galactose is decreased in red blood cells 
of galactosemic subjects 138. 39| so that the ratio UDP-glu- 
cose/UDP-galactose increased from the normal value of 
around 3 to 3.8 4.2; the concentration of galactose-1-phos¬ 
phate increased in parallel. The decrease in UDP-galactose 
could explain the low incorporation of galactose into the 
glyeoconjiigates of fibroblasts and the decrease ol galae- 
tolipids in the brain of affected subjects |4()| despite a cor¬ 
rect elimination of galactose from the diet. Indeed, in 
non-galaciosemie subjects, galactose provided by the diet 
(at least 3 g/day) is necessary to achieve a normal ratio of 
nucleotide-sugars in red blood cells, whereas dietary glu¬ 
cose does not affect this ratio [41,42j. Galactose provided 
by dietary oligosaccharides such its stachyose or ralTinose 
can also be used as galactose sources since their elimination 
from the diet lends to decrease galactose-1 -phosphate con¬ 
centrations in red blood cells of galactosemic subjects |43|. 
Galactose containing oligosaccharides are absorbed in the 
colon of the pig, more efficiently in the young than in the 
adult [44|. It is noteworthy that the addition of uridine in 
the patient diet or in the medium of cell cultures has also 
positive effects on sugar-nucleotide pools though it inhibits 
in vitro the enzymes of the Leloir pathway. 

Contrasting with mannose or glucosamine, scrum galac¬ 
tose is not modified in diabetes mellitus |45|. since insulin 
is not necessary for a normal response after a galactose load 
|6| and galactose perfusion docs not stimulate insulin secre¬ 
tion in man |46|. 




Excessive galactose ingestion could result in cataract de¬ 
velopment* which is explained by action of aldose reductase 
producing galactitol, which displays osmotic properties 
[471 and glyeation properties responsible for cataract 148|. 
it has also been proposed that it could be a dietary factor in 
ovarian cancer 1491, though galactose consumption and me¬ 
tabolism do not seem to be associated to ovarian senescence 
|50|. It could have also a calculogenic potential, especially 
in the case of vitamine B6 deficiency, by increasing calcium 
oxalate excretion 1511. 

Perioperative galactose perfusion <1.9 g/kg body weight 
per day) has recently been shown to partially prevent meta¬ 
stasis from stomach or colon cancers in surgical patients 
152). Though the suggested mechanism relies on inhibition 
by galactose of lectin activities, a role on glyeoconjugate 
synthesis and structural microheterogeneity can not be ruled 
out, 

Mannose 

Though data on mannose are less abundant than for galac¬ 
tose, it has been shown that most of the mannose for N-gly- 
eosylaiion of glycoproteins in cultured normal human 
fibroblasts under physiological conditions derives from 
mannose rather than from glucose (53 J. 

Mannose is absorbed from the gut less efficiently than 
glucose (15-20% of the glucose rate) |54|, Specific trans¬ 
porters for mannose have been described in established cell 
lines from colon adenocarcinoma: €aeo»2 and HT-29 cells 
possess a transporter inhibited by deoxymannojirimycin 
155, 5bJ while Caco-2 cells possess a second transporter 
insensitive to this drug (55|, These transporters are clearly 
distinct from glucose transporters, As a result, in vivo in 
man, there is no competition of glucose or sucrose for man¬ 
nose absorption |S7|; at dosages higher than 0.2 g/kg body 
weight, the subjects experienced gastrointestinal symptoms 
(57,5§J. Serum mannose peaks at 90 min after oral inges¬ 
tion and is slowly eliminated from the blood (half-time 4 h) 
by a specific transporter |59| insensitive to glucose, the K m 
of which is close to the normal scrum concentration of man¬ 
nose (50 pM |60l). 

Inside the cell, mannose is phosphoryluted to mannose- 
6-phosphate by hexokinase (#7) or munnokinase (#8), Man- 
nose-6-phosphate enters the glycolytic pathway after action 
of phosphoimmnose isomerase (#9) giving fructose-6-phos- 
phate. This enzyme allows endogenous production of man¬ 
nose from glucose as well as oxidation of exogenous 
mannose. Back and forth fluxes through the enzyme repre¬ 
sent 4% of glucose flux in red blood cells and reach 47% in 
pancreatic islets J61|, so that modelization of glucose me¬ 
tabolism must take into account this activity |62|, The 
enzyme has been cloned in man: it is expressed in all tissues, 
but at a high level in heart, brain and skeletic muscle |63|, 
It is strongly inhibited by fructose-1 -phosphate, which can 
lead to alterations in protein glycosylation in hereditary 
Iructose intolerance |64J, By means of this enzyme, man¬ 


nose can be an excellent substrate to alleviate hypoglycemic 
symptoms (651 or for brain cell metabolism |66|. 

For utilization in glycoprotein biosynthesis, mannose-6- 
phosphate is converted to mannose-1-phosphate by phos- 
phomannomutase (#10), which is encoded by two genes: 
PMM1 (located on chromosome 22 |67|) and PMM2 (lo¬ 
cated on chromosome 161681). Mutations affecting this sec¬ 
ond gene (681 are responsible for the deficiency in 
phosphomannomutase activity observed in carbohydrate 
deficient glycoprotein syndrome type 1 |69|. Exogenous 
mannose can efficiently correct in vitro aberrant glycosyl¬ 
ation in the cells obtained from affected patients |7t)j. Fi¬ 
nally, mannose-1-phosphate is converted to GDP-mannose 
by GDP-mannose pyrophosphorylase (#11), which has been 
recently purified from pig liver 1711. 

In man |46|. as in the perfused pancreas 1721, mannose 
leads to secretion of preformed insulin, but does not induce 
insulin synthesis {72 j. In diabetes mellitus, the ratio of man¬ 
nose to glucose is increased in the serum and this increase 
could he involved in diabetic complications [73|. Increases 
in serum mannose concentrations have also been observed 
in nephropathies (74|. 


Fucose 


Endogenous fucose is produced directly in the sugar-nucleo¬ 
tide form (GDP-fucose) from GDP-mannose, by a route 
delineated more than 25 years ago by Ginsburg |75|, con¬ 
sisting of two enzymes. GDP-mannose 4.6 dehydratase 
(#12) (76| and an epimerase-reductase (#13) |771 working 
with NADPH. Cloning of a homodi meric NADPH-binding 
protein purified from red blood cells revealed that it was 
this last enzyme |78|. 

Recycled or exogenous fucose is converted to fucose-1 - 
phosphate by fueokimise (#14) |79|, then to GDP-fucose by 
a pyrophosphorylase (#15) JS()|. Inhibitors of fucokinase 
lower fucose incorporation into glycoproteins |8I|. In¬ 
gested or injected radioactive fucose is found in glycopro¬ 
teins |8()|. In man, a large proportion of injected fucose is 
oxidized (39% (831) contrasting with a low oxidation rate 
after injection in the rat (1.6% |84j). In the rat, oral inges¬ 
tion leads to a larger catabolism, which comes in part from 
intestine bacterial activity |82|. The addition to the traeer 
of a large amount of non-radioactive fucose strongly in¬ 
creases fucose urinary excretion |85|. Kinetic studies of 
tissue labeling after injection in the rat suggest the existence 
of fucose recycling for glycosylation |841. Recycling has 
also been demonstrated in cell cultures |86|. Many cells 
possess a specific facilitutive transporter for fucose 187). 
Exogenous fucose can also be provided by fucose-contain- 
ing glycoproteins present in the diet 1821. 

Free fucose is found in low concentrations in serum, 
which is increased in cancerous and diabetic patients 188J. 
High concentrations could induce perturbation in cellular 
uptake of myoinositol (resulting in altered phosphoinositide 
metabolism and signaling) and reversible disturbances in 
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nervous conduction |89J. Alterations of collagen synthesis 
by exogenous fucose in endothelial cells has also been de¬ 
scribed |90|. As for mannose, such alterations could he in¬ 
volved in diabetic complications, though the concentrations 
used in some of these studies (20*7 fucose in the diet or 3(1 
mM fucose concentration in cel! culture medium) raise 
doubt on the physiological relevance of the effects. 


Glucosamine 


Endogenous glucosamine is produced from glucose by ami- 
nation of fruetose-6-phosphate. There has been recent rene¬ 
wal of interest for this pathway since the discovery by 
Marshall of the implication of the glucosamine pathway in 
the mechanisms of insulinoresistanee (see |9I, 921 for re¬ 
view). Though it is known from the work of Kornfeld j93| 
that the final product of the pathway (UDP-GIcNAc) in¬ 
hibits the first enzyme of the pathway, glutamine: fructose- 
6-phosphate amidotransferase (GFAT, #16). increased 
fluxes through this enzyme clearly mediate a part of glucose 
toxicity in diabetic subjects. In vitro and in vivo studies 
support this conclusion, such as those using GFAT trans¬ 
genic mice [94], GFAT determinations in muscle of diabetic 
patients 1951 or glucosamine infusion in the rat |96, 971. 

Some of the mechanisms underlying this effect have been 
delineated in insulin-sensitive tissues, notably the alteration 
of Glul4 translocation (981. In vivo, glucosamine inhibits 
glueokinase and decreases insulin secretion |99| whereas 
hepatic glucose production is not suppressed |1()()|. More¬ 
over, there are alterations of UDP-sugar pools which could 
lead to alterations of glycoprotein synthesis 11011. In the 
same way, the addition of tunieamyein, a well known in¬ 
hibitor of protein glyeosylation, suppresses the ability of 
glucose to stimulate TGFcx activity 1102|, while the trans¬ 
formation of glucose to glucosamine is needed for activa¬ 
tion of TGFct transcription |I03|. However, increased 


fluxes through the enzyme require hyperglycemia and there 
is no proof that glucosamine is the primary mechanism for 
insulinoresistanee: glucosamine signaling appears to be a 
normal regulatory role, the amplification of which leads to 
pathological consequences in diabetes |92J. 

On the other hand, it has been suggested that exogenous 
glucosamine could be beneficial in some pathological con¬ 
ditions such as wound healing [ 104) or osteoarthritis 11051: 
some clinical reports indicated that oral glucosamine alle¬ 
viates symptoms and pain in osteoarthritis. Thus, gluco¬ 
samine is already sold as a dietary supplement in the US 
and also as a drug in the form of the prodrug glucosamine 
sulfate 11061. The suggested mechanism of such actions 
relies on intervention of glucosamine in proteoglycan syn¬ 
thesis. Conversely, deprivation of glutamine to chondrosar¬ 
coma cells in culture decreases the pool ol 


UDP-hexosamines, which is worsened by the addition ol 
diazonorleuein. an inhibitor of GFAT activity 11()7|. 


Though there is no report on the possible relation ol oral 
glucosamine supply and insulino-resislance, one might 


argue that there are striking differences in the metabolic fate 
of glucosamine according to the administration route, par¬ 
enteral or enteral, which has been reported many years ago 
in the rat or the rabbit [108-113! and recently confirmed 
with the prodrug glucosamine sulfate in man [ 1061. After 
oral ingestion, about half of the dose is oxidized and less is 
found in glycoproteins (except for the gastrointestinal tract) 
as compared to injected glucosamine [ 108J. although in an¬ 
other study, only 4 c k of oral glucosamine was oxidized in 
neomycin-treated rats [113]. These studies have established 
that the absorption rate of glucosamine is around 1/10 that 
of glucose 1113. 1141 and that oxidation by bacterial micro¬ 
flora can occur, which cannot complete’ account for the 
differences between intravenous and oral routes 1108, 1131. 
N-acetylglueosainine appears to be a less efficient precursor 
than glucosamine for glyeosylation |1I5|, in part because 
of a low cellular uptake |116|. As in the case of fucose, 
protein-bound glucosamine in the diet can be used by the 
organism for glyeosylation [ 108. 117). 

Contrasting with endogenous glucosamine which is pro¬ 
duced in the phosphorylated state, exogenous glucosamine, 
which readily enters the cell by the glucose carrier [116) 
must be phosphorylated by glueokinase (#17) or hexokinase 
(#7) and aeetylated by an acetyltransferase (#18) for sub¬ 
sequent metabolism: the phosphorylation step is completely 
inhibited in vitro by 10 mM glucose or N-acetylgluco- 
samine and these steps could be rate-limiting in the meta¬ 
bolism of glucosamine [1181. After action of a mutase (#19) 
to produce the I-phosphate derivative, the last enzyme of 
the pathway is N-aeetylglueosamine-1 -phosphate pyro- 
phosphorylase (#20) which has recently been purified from 
pig liver: its dimeric structure suggests some regulatory 
properties 11191. Finally, N-acetylglueosamine released by 
glycoprotein breakdown can be recycled 11121. 

Galtu tosmninc 

As compared to other sugars, labeled galaclosamine was 
very little used for metabolic studies. It is thought to use the 
enzymes of the galactose pathway. However, a N-aeelylga- 
lactosamine kinase (#21), distinct from galaetokinase (#1), 
has been recently purified from the kidney |I2()|, which 
could be used for recycling. Injected galaclosamine is for 
the major part converted to glucosamine found in glycopro¬ 
teins 11211 by a specific epimerase (#22). 

The main laboratory use of galaclosamine is the produc¬ 
tion of hepatitis: galaclosamine is specifically taken up by 
the liver and, by depletion of the UTP pool, induces lesions 
mimicking those of viral hepatitis 1122|. at dosages around 
4(H) mg/kg body weight The mechanism relies on alteration 
ol RNA synthesis, of glucose metabolism f 1231 but also of 
alterations in protein glyeosylation 1124,1251. especially at 
the level of adhesion molecules and neutrophil homing in 
the liver 1126). Various compounds or nutrients such as glu 
tainine 11271 can protect from galaclosamine •induced he¬ 
patitis by unknown mechanisms. 



Sialic avids 


Neuraminic acid metabolism displays some characteristics, 
recognized for a long time, which distinguish it from the 
metabolism of other sugars 1128. 1291: it is bound as cy- 
tidine monophosphate (and not as a diphosphate) from the 
free sugar (not from the 1 -phosphate form) and the conden¬ 
sation by a specific synthase (#23) takes place in the nucleus 
1130,1311, not in the cytosol. Neuraminic acid is produced 
from glucosamine by UDP-GlcNAe 2-epimerase (#24), 
which liberates the free N-acetylmannosamine. The enzyme 
is inhibited by CMP-NouAe 1132|. It has been purified from 
the kidney where it appears to be a renin binding protein 
1133): physiological or regulatory significance of this 
property is not yet known. N-acetylmannosamine can also 
be directly produced from N-acetylglucosamine. The phos¬ 
phorylation to N-ucetylmannosamine-6-phosphate by a spe¬ 
cific kinase (#25) could be a regulatory step, but the product 
cun also be obtained by epimerisation of N-acctylgluco- 
samine-b-phosphate |l28j. The addition of pyruvate from 
glycolysis-derived phosphoenolpyruvate by a specific 
enzyme (#26) converts N-acetylmannosam;..e»6-phosphate 
to N-acetylneuraminic acid 9-phosphate which is converted 
to free N-acetylneuraminic acid by a specific phosphatase 
(#27), N-acetylmannosamine is frequently used as a sialic 
acid precursor: the addition of this sugar to cell cultures 
enhances the amount of CMP-NeuAe 11341. After gluco¬ 
samine injection 25-30% of protein-bound radioactivity is 


found in the form of sialic acid, while the remainder essen¬ 


tially consists of glucosamine 1113, U5|. Postsymhetic 
modifications of N-acetylneuraminic acid include O-acety- 
iution or transformation to N-glycolyl form by a recently 
well characterized hydroxylase 1135, I36|. 

In vivo , in 20-day-old lusted mice, 98% of injected N- 
glycolyneuraminic acid is found in urine within 6 h after 
ond ingestion, and 90% in the urine within 10 min after is 
injection 11371, In the same conditions, N-acetylneuraminic 
acid exhibits similar behavior 1138|. The authors conclude 
that dietary sialic acids cannot be used for glyeosylution and 
there is no evidence for a significant recycling of the sugar. 
However, in suckling animals, sialic acid from milk could 
be nutritionally important; from dietary sialyllaetose or 
NeuAc, 30% of the labeled sugar is retained in the tissues 
( I39|; in rat pups, exogenous NeuAc could be responsible 
for 7-19%’ of neuraminic acid found in brain gangliosides 
(140|, The coincidence of high amounts of sialic acid con¬ 
taining oligosaccharides in colostrum and early milk with 
the high need for sialic acid during early brain development 
is considered as indicative of the usefulness of milk sialooii- 
gosaccharides for glyeosylution. Indeed, supplementation 
of bovine milk with Neu5Gc has been suggested for feeding 
newborn calves 11411 and human newborns 1142|, Similarly, 
in human milk, the decrease in the sugar content during the 
course of lactation is more drastic for sialic acid (-71%) than 
for N-aeety 1 g 1 ucosamiue (-56%) or tucose <-35%)|l43|. 
Hiough the main biological functions of milk oligosaccharides 


lie in anti-infective properties and in a role as dietary fiber* 
for the newborn 1144, 145). usefulness as glyeosylution sub¬ 
strate has been suggested, as a programmed adaptation u 
the infant dietary requirements (I43|. 


Overview, questions and hypotheses 


From this survey, it appears that most of the old studies 
devoted to glycoprotein sugar metabolism were designed to 
unravel metabolic pathways and characterize enzymatic ac¬ 
tivities, not for nutritional purposes. However, some inter¬ 
esting general conclusions can be drawn concerning 
metabolic fate and usefulness of exogenous preformed su¬ 


gars. 

1. All glycoprotein sugars can derive from glucose; in 
some instances (sialic acid), many accessory routes can be 
used to produce the specific sugars. However, enzymes do 
exist for the direct activation of specific sugars which could 
be metabolieally more economic than complete synthesis 
from glucose and allows sugar recycling, 

2. The regulatory effects of intermediate or final com¬ 
pounds on the enzymes of the endogenous pathways have 
been characterized in cell-free systems and some enzymes 
have been suggested to be rate-limiting in vivo. From in¬ 
hibition studies in vitro , it could be suggested that 
exogenous supply of specific sugars decreases their en¬ 
dogenous production. However, the relevance of such 
studies to physiological conditions in the whole organism 
largely remains to be confirmed. 

3. Extracellular preformed sugars readily enter the cell 
via non-specific or specific carriers and can be directed to¬ 
ward glycoprotein synthesis. 

4. therefore, in the whole animal, despite oxidation or 
urinary elimination, a non negligible part of the injected or 
(more rarely) ingested specific sugar can be incorporated 
into glycoproteins. 

5. Though many of the enzymes display reversible action 
in vitro , there are limited intereonversions into other sugars 


in vivo , with the exception of galactosamine. In some way, 
there seems to exist some kind of channeling either to oxi¬ 
dation or to direct incorporation without changes into gly¬ 
coproteins, 

6. Dietary free sugars are readily used by the body, but 
dietary protein-bound sugars can be also used for glycosyl- 
atioiv, for obvious technical reasons in the difficulty of ob¬ 
taining sufficient labeled substrates, this last point is much 
less documented 182, 108,117]. It suggests either the exist¬ 
ence of intestinal enzymatic activities able to cleave gly- 
cans, or the direct absorption of glycans further degraded 
inside the cells, or the intervention of bacterial microflora. 


some of the released sugars escaping fermentation and 
being absorbed in the colon. 

7. Metabolic use for glyeosylation would be only a part 
of the role of exogenous complex glycans or oligosac¬ 
charides. A major part could lie in the intestine and colon 




physiology as dietary fibers and protection against bacteria, 
which snay lead to pharmacological developments f I46|. 

8. The concomitant supply of a large dose of the trn- 
labeled sugar together with the labeled tracer drive the 
major part of the tracer to urinary elimination or oxidation. 
Overload is eliminated either in native form or, at least in 
the ease of galactose and lactose, as complex oligosac¬ 
charides obtained by action of glycosyltransferases on the 
sugar J147 j. This fact indicates that, if there is an interest in 
exogenous suppiv, the concerned amounts are low. Content 
of specific sugars in foods is poorly documented, due to 
their low amounts relative to major sugars such as glucose, 
galactose, lactose, sucrose or fructose. GIcNAc and Gal- 
NAc have been found in commercial milks (35-70 nig/L) 
|I48|; sialic acid. GIcNAc and fucose have been charac¬ 
terized in human milks 1143|. 

9. In vivo recycling of specific sugars provided by gly¬ 
coprotein catabolism is suggested for all sugars with the 
exception of sialic acids. Specific enzymes for this purpose 
have been characterized in some instances. 


10. With the exception of galactose, serum concentra¬ 
tions of specific sugars increased in diabetes mellitus. sug¬ 
gesting higher fluxes in hyperglycemia and a normal control 
of these fluxes by glucostatic hormones such as insulin. 
Since these increases have been implicated in the mechan¬ 
isms of insulino-resistance and diabetic complications, sup¬ 
plementation with these sugars could have deleterious 
effects. However, differences in metabolic fate according to 
the administration route do not preclude interest in the en¬ 
teral administration or in some pathological conditions 
apart from diabetes. 

11. Specific sugars, by means of protein glycosylation or 
by other means such as competition or interaction with car¬ 
riers, lectins, receptors 1149|, could exhibit actions on other 
metabolisms. In this way, it is not surprising that excessive 
exogenous sugars can exert adverse or toxic actions. 
Amounts currently used in such experiments are not rele¬ 
vant to current nutrition, but constitute indicative limits of 
what must not be done in nutrition. 

12. Results from animal studies cannot be applied to man 
without caution. Differences in oxidation capacities (I'ucose) 
or in regulations of the pathways have been demonstrated in 
some cases. For instance, in the rabbit, contrary to man, galac¬ 
tose infusion induces a rise in serum insulin level 11521. 

Though there is still much room for progress in the mole¬ 
cular characterization of the pathways of sugars involved in 
glycosylation, the knowledge accumulated so far at the 
molecular level or in vivo in the animal is clearly out of 
proportion as compared to what is known in man in vivo. In 
view of the possible impact of such a knowledge for artifi¬ 
cial nutrition in pathological conditions, and perhaps for the 
future development of 'nutraceutical' products, extension of 
research in this field appears to be highly desirable. Since 
the long-term health effects of most of the more important 
nutrients are just beginning to be understood, it seems more 


advisable to gain insights into the metabolic fate of these 

specific sugars. 

Previously 111. we proposed two genera! hypotheses as a 
rationale tor the studv of the nutritional regulation of eh- 
cosylution. which are still valid: first, due to the complexity 
of the glycosylation pathway, it utilizes a large pan of en¬ 
ergy and nutrients: second, some nutrients could exert regu¬ 
latory roles at various levels of the pathway. So. it would 
be interesting: i) to quantify endogenous fluxes of specific 
sugars and their regulation in various physiological and nu¬ 
tritional conditions: ii) to verify, in nutritionally relevant 
conditions, whether exogenous preformed sugars could be 
preferential substrates for glycosylation or ould exhibit 
some regulatory actions on the pathway: and iii) to test 
whether such a supply induces subtle modifications in gly ¬ 
coprotein mieroheterogencity or biological properties. 

Increasing development of substrates labeled with stable 
isotopes together w ith highly sensitive analytical methods now 
offers the opportunity to perform such studies in the normal or 
ill man, in ethically acceptable conditions. The studies re¬ 
ported in the last part of this paper were undertaken as a pre¬ 
requisite for the development of human investigations. 


Use of stable isotopes in research on glycosylation 

Since methodologies using stable isotopes had never been 
applied to the study of glycosylation in man, preliminary 
experiments for technical validation were carried out in the 
rat by study of the incorporation of stable isotopes into 
serum glycoproteins and, due to the importance of glyco¬ 
sylation in intestine 111, into intestinal glycoproteins. It is 
noteworthy that some of the dietary factors which are tro¬ 
phic for the intestinal mucosa, interfere with some steps ol 
the glycosylation reactions: glutamine |I5I|, nucleotides 
1152|. FGF 1153, I54|. for the action of which glutamine is 
essential 1155). 

Glycoprotein sugars were isolated from serum or intesti¬ 
nal mucosa and derivatized lo alditol acetates; it hits been 
verified that the derivalization step did not induce isotopic 
discrimination 1156|. Alditol acetates were analyzed by gas 
chromatography-isotope ratio mass spectrometry. Sample 
preparation and analysis is therefore more tedious than 
simple radioactivity counting. However, this is compen¬ 
sated for by clear identification of labeled sugars in a single 
run together with the determination of sugar amount and 
isotopic abundance. The precision of the method (< 3% for 
neutral sugars) allows to discriminate an isotopic enrich¬ 
ment as low as 0.001% carbon 13 above baseline value 
11571. With a weekly continuous feeding of rat with natu¬ 
rally 1 'C'-enriehed corn starch, a regular and significant en¬ 
richment in glycoprotein neutral sugars could he detected, 
of the same order of magnitude for galactose and liicosc 
while the enrichment of mannose was lower and delayed 
11571. However isotopic enrichment using natural labeling 
remains low: calculations suggest that a too large amount 




Fig 2, Evolution of the 1 'C isotopic enrichment of serum glycopro¬ 
tein sugars after ingestion of stable isotope labeled glucose. APE 
(atom percent excess): excess of !, C above the baseline value, 
calculated m the difference between the ratio 1 K'i t'-O'^C) at 
each time and the ratio 1 '(7 t ,2 C+ ,1 C) at time 0. Circles, glyco¬ 
protein galactose; squares, glycoprotein mannose, Labeled glucose 
was ingested together with 50 g of unlabeled glucose; full symbols, 
ingestion of 300 mg labeled glucose; open symbols; ingestion of 
700 mg labeled glucose. 


of corn starch would be required in human experiments. 
Thus, we tested the fate of artificially highly enriched glu¬ 
cose (0,2% in the diet) led to the rat during a 5-h period 
|l5Kj, As compared to the previous experiment, isotopic 
enrichment in glycoprotein sugars was 2 to 3 times higher, 
peaked early (4 h after the introduction of the labeled diet), 
and remained at a plateau up to 32 h despite a return to a 
nun-labeled diet at time 5 h, suggesting recycling of labeled 
sugars, In the two types of experiments, the transitory ad¬ 
dition to the diet of u low dose of a specific sugar such as 
mannose or galactose (20 to 200 mg for 250-g rats) signifi¬ 
cantly modified glycoprotein sugar enrichment, suggesting a 
stimulatory action on glycan synthesis. Thus, these studies in 
animals demonstrated that the methodology might be applied 
to glycoprotein sugar metabolism and also indicated possible 
regulatory roles of specific sugars in this metabolism. 

Consequently, preliminary studies were performed in 
two healthy volunteers. After an overnight fast, subjects in¬ 
gested either 300 or 700 mg of 'C-enriehed glucose 
t> 99% i*C) together with 50 g of corn glucose diluted in 
200 mL water, in order to suppress endogenous glucose pro¬ 
duction and to 'normalize' endogenous synthesis of glyco¬ 
protein sugars. Blood samples were drawn at regular 
intervals. < C enrichment of serum glycoprotein galactose 
and mannose arc shown in figure 2. Due to a low fucose 
content, the isotopic abundance of fucose could not be ac¬ 
curately determined in these experiments. Isotopic enrich¬ 
ment was at the same level for galactose and mannose, but 


the enrichment for mannose displays a 3-h shill: this delay 
includes the metabolic conversion of glucose but also could 
partly represent an in viva estimation of the upper limit for 
the duration of hepatic glvean maturation from mannose 
incorporation into glycan core to fixation of ante-terminal 
galactose. A peak of radioactivity in serum glycoproteins 
was observed 3 h alter intruperiloneal injection of radioac¬ 
tive fucose in the rat [84|. Moreover, subjects ingested at 
12:00 a lunch meal consisting of pastas (unlabeled wheat 
starch): such a massive arrival of unlabeled glucose did not 
induce a sharp decline in isotopic enrichment. 


Conclusions 

The metabolism of specific sugars used for protein glyco- 
sylation appears to be complex: biochemical pathways have 
been delineated and most of the enzymes involved have 
been characterized. However, regulations in these pathways 
are not yet satisfactorily known, especially in vivo in man. 
The use of stable isotope methodology could he interesting 
to gain insights into these regulations. Beside fundamental 
knowledge on a major biological event, such studies could 
have practical consequences in artificial nutrition (enteral 
or parenteral) for which glucose (or its polymers) represents 
the only source of glueides: sufficient for energy require¬ 
ments of the organism, this might be not sufficient in a 
qualitative way for glycosylation. In the state-of-the-art, 
currently used parenteral nutrition frequently induces liver 
dysfunction 1159|; it has been shown that in some situations, 
more complex saccharide mixtures containing glucose, 
fructose and xylitol could improve clinical situations as 
compared to glucose alone |I60|. In this way, specific su¬ 
gars could represent interesting non-essential nutrients. 


References 


1 Biol MC\ Martin A, Louisot P t 1442) Nutritional and developmental 
regulation of glycosylation processes in digestive organs. Hioehinw 
74. 13 24 

2 Cortes P, Pointer E Paielle PL. Levin NW 1 I4XK) Glomerular uracil 
nucleotide synthesis: effects of diabetes and protein intake. Am J 
Physiol 255. 1-647655 

3 Pels Rijckcn \VR, Ovcrdijk It. Van Pen Eijnden DM. bervverda W 
1 14451 Hie effect ol increasing nucleotide sugar concentrations on the 
incorporation of sugars into glycoconjugutcs in rat hcputocyles. 
liim lu m J 305. X65 X70 

4 PetersGJ. Pincdo IIM. lerwerda W. de GraafT\V, van Pijk W (PM)) 
Po amimetaholites interfere with the glycosylation of cellular glyco- 
011111 ^^^ ' /-. w J Coiner 26. 516-523 

5 Guerre Millo M <PJ45> |.es transporters d'hexose. M/S Mai Set X. 

lilt HIM 

6 Williams CA. Phillips T, Macdonald I (1483) The iniluence of glucose 
on serum galactose levels in man. Metabolism 32. 250 256 

7 kloutc l. Mcndi/abul MV. Urdaneta L. Larralde J (14%) Interactions 
ol cephradine and cefaclor with the intestinal absorption of P-galac- 
tose. J Hkiiih Huirmaeol 4X. 645-650 




8 Goresky C'A, Bach GC. Nadeau Bl (Id?31 On the uptake ul inalenals 
hv the intact liver, The transport and net removal of galactose J (lot 
invest 52, 'Ml - I (Ml 1 ) 

9 UelSerstein MK. Munro HN t !988> Glycoconjugutcs as non invasive 
probes of intrahepatic metabolism, III. Application to galactose as 
similation in the intact rat. Metabolism 37. 312 A17 

SO Waldstein SS. Greenburg l.A. Biggs AIX Corn 1 (I960) Denionstra 
lion of hepatic maximum remov al capacity tl.in i lor galactose in lm 
mans. J Lab Clin Med 55, 462-475 

11 Williams CA (1986) Metabolism of lactose and galactose in man. 
/‘mi* Hi<K'hem Pharmacol 21. 216-247 

12 McNamara !’. Segal S (1972) Transport and metabolism of galactose 
in rat kidney cortex. Hint hem J 126, 1109-1124 

13 Harding VJ, Grant GA (1932) Metabolism of galactose. I. Cutaneous 
blood sugars after galactose ingestion. J Biol Client 99, 629-646 

14 Merkel G. Marchesini G, Fabbri A, Blanco S, Bianchi G, lin/o E, 
Sacerdoti D. Zoli M. Gatta A (1996) The course of galactose elimi¬ 
nation capacity in patients with alcoholic cirrhosis: possible use as a 
surrogate marker for death. Hepatology 24. 820- 823 

15 Herman RH, Zakim D (1968) The galactose metabolic pathway. Am 
J Clin Nntr 21. 127 129 

16 Cohn RM, Segal S (1973) Galactose metabolism and its regulation. 
Metabolism 22. 627 642 

17 Frey PA (1996) The Leloir pathway: a mechanistic imperative for 
three enzymes to change the stereochemical configuration of a single 
carbon in galactose. I'ASEB J 10, 461 470 

18 Ballard FJ (1966) Kinetic studies with liver guinctokinnsc. Ban liem 
J 101, 70-75 

19 Davit-Spraul A. Pourei ME, Soni T. Eemonnier A (1994) Metabolic 
effects of galactose on human HepG2 hepatoblastoma cells. Metabo¬ 
lism 43, 945-952 

20 Reichardt JKV, Berg P (1988) Cloning and characterization of a 
eDN A encoding human galactose-1 -phosphate uridyltransferase. Mol 
Biol Med 5.107-122 

21 Lundcll Bl, Savaiano DA (1993) The neonatal guinea pig as a model 
for human galactose metabolism - Galactose-1 -phosphate uridyltrans- 
ferase activity. Biol Neonate 64, 228-234 

22 Daude N, Elbe E, Reichardt JKV, Petry KG (1996) In vivo and in vitro 
expression of rat galactose-1-phosphate uridyltransferase (GALT) in 
the developing central and peripheral nervous system. Dev Brain lies 
94. 190 196 

23 Rogers S, Segal S (1981) Changing activities of galactose-metabo¬ 
lizing enzymes during perfusion of suckling rat liver. Am .1Phwiol 
240, E333 E339 

24 Rogers SR, Uovee BW. Saunders SI., Segal S (1989) Galactose as a 
regulatory factor of its own metabolism by rat liver. Metabolism 38. 
810815 

25 Rogers S. Segal S (1984) Enhanced galactose metabolism in isolated 
perfused livers of folate-treated suckling rats. Metabolism 33, 634 
640 

26 Davit-Spraul A, Pourei ME. Ng KM, Soni T, Eemonnier A (1994) 
Regulatory effects of galactose on galactose-1 -phosphate uridyltrans¬ 
ferase activity on human hepatoblastoma HepG2 cells. EEBS Lett 
354, 232-236 

27 Elsevier JO, Wells E, Quimby BB, Fridovich-Keil .11. (1996) Hete¬ 
rodimer formation and activity in the human enzyme galactose-1 
phosphate uridyltransferase. Pmc Natl Acad Sei USA 93, 7166- 7171 

28 Berry GT. Nissiin I, 1-in /.. Mazur AT. Gibson .IB. Segal S (1995) 
Endogenous synthesis of galactose in normal men and patients with 
hereditary galactosaemia. Lancet 346, 1073 1074 

29 Acosta PB, Gross KC (1995) Hidden sources of galactose in the en¬ 
vironment. Ear J Pediatries 154. S87-S92 

30 Kadhoin N, Baptista J, Brivet M. Wolfront C. Gautier M (1994) l ow 
efficiency of |C-l4)galaelose incorporation by galactosemic skin fi¬ 
broblasts: relationship with neurological sequelae. Bioeliem Med 
Me tab Biol 52, 140 144 

31 Nicwoehner CB, Neil B (1992) Mechanism of delayed hepatic gly¬ 
cogen synthesis after an oral galactose load vs glucose *oad in adidi 
rats. Am J Physiol 263, E42 E49 


52 fried R. Beckmann N. Relief l . Norms R Stabler G. Seelig J < 1996) 
fairly gluogenolysjs and hue glycogenosis in human livct uitci m 
(ravenous adlnumstralioii of galactose. Am J Phxshd 270. G!4 (iio 

33 HellerMein MK. Greenhlatl DJ. Munro HN (1987) Cits 'Coeonjugaies 
as non nvasivc probes of intrahcpalic metabolism. I. Kinetics ol label 
incorporation with evidence of a common precursor l DP-glucose 
pool lor secreted glvcoconjugates. Metaholism 36, 9K8 004 

54 I eijssen DPC, Saris WHM, Jcukcndrup AE, Wagenmakers AJM 
(1995) Oxidation of exogenous |C-l3|galacK>se and [C-13[glucose 
during exercise. Appl Physiol 79. 720-725 

35 Berry GT. Nissim I. Mazur AT. Elsas 1 J. Singh RH. Klein PD. Gibson 
JB. I.in Z. Segal S (1995) In vivo oxidation of | 1 'C|galaclose in pa¬ 
tients with galactose-1-phosphate uridyltransferase deficiency. 
Bioeliem Mol Med 56. 158-165 

36 Segal S. Blair A (1961) Some observations on the metabolism of 
D-galaetose in normal man../ Clin Invest 40. 2016-2025 

37 Miera N. Ishida N. Hoshino M. Yamauchi M, Mara T. Ayusavva I). 
Kavvakita M (1996) Human UDP-galactose translocator: molecular 
cloning of a complementary DNA that complements the genetic de¬ 
fect of a mutant cell line deficient in UDP-galactose translocator. J 
Bioeliem 120. 236-241 

38 Berry GT, Palmieri MJ. fleales S. Leonard .IV. Segal S (1992) Red 
blood cell sugar nucleotide levels in patients with classic galacto¬ 
semia and other metabolic disorders Metaholism 4i. 783 787 

39 Xu YK. Kaufman PR. Donnell GN, Giudici T. Alfi (). Ng WG (|9‘)5> 
IIP1.C analysis of uridine diphosphate sugars: decreased concentra¬ 
tions ol uridine diphosphate galactose m erythrocytes and cultured 
skin fibroblasts from classical galactosemia patients. Clin Clam Acta 
240.21-33 

40 Petty K. Grcinix HT. Nudelman E. Eisen II, Makomori SI Levy HI.. 
Reichardt JKV < 1991) Characterization of a novel biochemical abnor¬ 
mality in galactosemia: deficiency of glyeolipidscontaining galactose 
or N-acetylgalactosamine and accumulation of precursors in brain and 
lymphocytes. Bioeliem Med Metab Biol 46. 93 104 

41 Gibson JB. Berry GT, Mazur AT. Palmieri MJ. Reynolds RA. Segal 
S (1995) Effect of glucose and galactose loading in normal subjects 
on red and white blood cell uridine diphosphate sugars. Ilioi hem Mol 
Med 55. 8 14 

42 Gibson JB. Berry GT, Palmieri MJ. Reynolds RA. Mazur AT. Segal 
S (1996) Sugar nucleotide concentrations in red blood cells of patients 
on protein and lactose limited diets: effect of galactose supplemen 
tation. Am .1 (lin Nun 63. 704 708 

43 Wiesmann UN, Rosebeutlet B. Schliichtcr R 1 1995) I egtiminosae in 
the diet: the raffinose siachyose question Ear,I Pedant 154. S93 596 

44 Murray Rl). Ailaboiiui A. licit linger I A. I i BUK. Met lung J. Powers 
P. Gun J. Kien I’L (1996) Ualaeiose-cuntaming carbohydrates are 
prelerenlially absorbed in the neonatal pig colon. Pediatr lies 39, 
656-660 

45 Roe JH. Sehwartzmau AS (1932) Galactose tolerance of normal and 
diabetic subjects, and the effect of insulin upon galactose metabolism, 
./ Biol Chem 96. 717 -735 

46 Gandn OP, Soeldner JS. Gleason RE. Clcator IGM. Reynolds C 
(1979) Metabolic effects of glucose, mannose, galactose, and fructose 
in man../ Clin Endocrinol Metab 49. 616 -622 

47 Griffey RH. Sibbitt WL. Sihbitt RR. Griffey BV. Eaton RP. Httnsakcr 
LA. Vanderjagt Dl. (1994) Polyol and water aecutnulation in muscle 
of galaetose-fed rats. Bioeliem Pharmacol 48. 1839 1841 

48 Roy S, l.orenzi M (1996) Early biosynthetic changes in the diabetic 
like retinopathy ol galaetose-fed rats. Diahctologia 39. 735 738 

49 (Tamer DW, Muto MG. Reichardt JKV. Xu II. Welch WR. Valles B. 
Ng WG (1994) Characteristics of women with a family history of 
ovarian cancer. I. Galactose consumption and metabolism. ( nncet 74. 
1309 1317 

50 Cooper GS. Hulka BS. Baird DD. Savitz DA. Hughes Cl.. Weinberg 
CR. Coleman RA. Shields JM (1994) Galactose consumption, meta¬ 
bolism and follicle-stimulating hormone concentrations in women ol 
late reproductive age. Emil Steril 62. 1168 1175 

51 Kaul P. Sidlut H, Sharma SK. Nath K (1996) Calctilogenic potential 
of galactose and fructose in relation to urinary excretion of lilhogcnic 




substances in vitamin B6 deficient and control rats. J Am Col! Nutr 
15, 295-302 

52 Warezynxku I*. Gili J. Szmigielski S. Beulh J. Puiverei G i 1997) 
Prevention of hepatic metustases by liver lectin blocking with D-ga- 
lactose in colon cancer patients. A prospectively randomized clinical 
Inal. Annromrr fits 17. 1225-1226 

53 Panneerselvam K, Eichison JR. Freeze HH (1997) Human fibroblasts 
prefer mannose over glucose as a source of mannose for N-glyeosyl- 
ution - Evidence for the functional importance of transported man¬ 
nose. J Biol Chem 272, 23123-23129 

54 Deuel HJ, Hallman LF. Murray S. Hilliard J (1938) The comparative 
metabolism of l>mannose and D-glucose. J Biol Chem 125,79-84 

55 Ogier-Denis F. Blais A. Houri JJ, Voisin T, Trugnan G. Codogno P 
11994) The emergence of basolateral l-deoxtmunnojirtmycin-sentive 
mtinnose carrier is a function of intestinal cell differentiation - Evi¬ 
dence lor a new inhibitory effect of l-deoximannojirimyein on facili- 
tative mannose transport. J Biol them 269,4285 4290 

5b Ogier Denis E, Trugnan G. Sapin C, Aubery M, Codogno P < 1990) 
Dual effect of I -deoxymannojirimyem on the mannose uptake and on 
the N-glyean processing of the human colon cancer cell line HT29. J 
Biol (Trent 265, 5366-5369 

57 Alton G. Kjaerguard. Etchtson JR. Skovby F, Freeze HH ( 1997) Oral 
ingestion of mannose elevates blood mannose levels; a first step to¬ 
ward a potential therapy for carbohydrate-deficient glycoprotein syn¬ 
drome type I, Hm hem Mol Med 60, 127-133 

5H Wood CF, Cahill GF (1963) Mannose utilization in man../ Clin Invest 
42, 1300 1312 

59 Pannerselvam K, Freeze HH 11996) Mannose enters mammalian cells 
using specific transporter that is insensitive to glucose. I Biol them 
271,9417-9421 

60 Etehison JR, Freeze HH (1997) Enzymatic assay of D-mannose in 
serum. Clin them 43, 533-538 

61 Mulaisse4,agae F, Eiemnns V. Yuylali B, Setter A. Muluis.se WJ < 1989) 
Phosphoglucoseisomcnise.catalyzed interconversion of hexose phos¬ 
phates; comparison with phosphomannoseisomerase. Bon him 
Biophys Avta 998, 118-125 

62 Rognstad R 11995) Phoxphoglueoxe and phosphomunnose isomerase 
fluxes in the liver cell. Him hem Atvh II. 245 254 

63 Proud foot Ail, Turealti Ci, Wells TNC, Payton MA, Smith PJ < 1994) 
Purification, cDNA cloning and heterologous expression of human 
phosphomunnose isomeruxe, Hue J Bon hem 219,415 423 

64 Jaeken J, Pirard M, Adumowiez M, Pronieka E. Van Schaftmgen I 

1 1996) Inhibition ol phosphomunnose isomeruxe by ti nclose I phos¬ 
phates an explanation for defective N-glyeosyiation in hereditary true* 
lose intolerance, Petlkir Rex 40,764-766 

65 Herring FT, Irvine JC, Maeleod JJR (1924) CXXKV, The efficiency 
of various sugars and their derivatives in relieving the symptoms 
caused by insulin in mice. Bmhem J 18,1023-1042 

66 Pringen R, Bergbauer K, Wiesinger H, Harnprecht B (1994) Utiliza- 
tion of mannose by astroglial cells. Netwx hmi Res 19,23-30 

67 Mutthtjs G, Schollen M, Pirard M, Budarf ML, Van Sehaftingen E, 
Cassiman JJ 11997) PMM tPMMIh the human homolog of SEC53 or 
yeast phosphomannomutase is localized on chromosome 22ql3. 
tommies 40,41*4? 

68 Mauhijs G, Schollen K, Pardon E, Veiga da Cuuhu M, jaeken J, Cassi¬ 
man JJ, Van Sehaftingen El 1997) Mutations in PMM2, a phospho- 
tnannoouitase gene on chromosome I6pl3. in carbohydrate-deficient 
glycoprotein type I syndrome (Jaeken syndrome). Nat Genet 16,88- 

92 

69 Sehaftingen EV, Jaeken J11995) Phosphomannomutase deficiency is 
a cause of carbohydrate-deficient glycoprotein syndrome type !. 
bms Lett 377, 318-320 

70 Panneersetvam K, Freeze HH 1 19%) Mannose corrects altered N-gly- 
cosylation in eatbohydrate detieient glycoprotein syndrome fibro- 

blasts. J CHn Invest 97, 1478-1487 

71 S/umilo T, Drake RR. York JL. Elbein AD (1993) GDP-mannose 
j'yrophosphory lase. Purification to homogeneity. properties and utili¬ 
zation to prepare photoaffinity analogs. J Boh them 268. 17943- 
17950 


72 Curry DL (1974) Fructose potentiation of mannose-induced insulin 
secretion. Am J Physiol 226, 1073 1076 

73 Pitkanen E (1996) Mannose, mannitol, fructose and 1,5-anhydroglu- 
citol concentrations measured by gas chromatography mass spectro¬ 
metry in Mood plasma of diabetic patients. Clin (him Acta 251.91-103 

74 Pitkanen E (1996) Proteinuria and plasma hexosugars in early stage 
glomerulonephritis, Clin Nephrol 45, 226-229 

75 Ciinsburg V (I960)Formation of guanosine diphosphate L-fucose from 
guanosine diphosphate D-mannose. J Biol them 235, 2196-2201 

76 Broschat KO, Chang S, Serif G (1985) Purification and characterization 
of GDP-mannose 4,6-dehvdratase from porcine thvroid. EurJ Biochem 
153. 397—401 

77 Chang S, Duerr B, Serif G (1988) An cpimerasc-rcductase in L-fucose 
synthesis. J Biol them 263, 1693-1697 

78 Tonetti M, Sturia L, Bisso A. Benatti If Detlora A (1996) Synthesis of 
CiDP-fucose by the human FX protein. J Biol them 271,27274-27279 

79 Ishihuru H, Massaro DJ. Heath EC (1908) The metaholism of L-fueose, 
II. The enzymatic synthesis of (J-L-fueose-1 -phosphate, J Biol them 
243,1103-1109 

80 Ishihara H, Heath EC 11968) The metabolism of L-lucose. IV, The bio¬ 
synthesis of guanosine diphosphate L-fueose in porcine liver. J Bod 
them 243. if 10-III5 

81 /oilier R, Danneschevvskt S. Lmdhorst T. Thiem J. Rentier W (1997) 
Inhibition of L-fueokinaso from rat liver by L-fueose analogues in vino, 
Jlhzlnhih 11.265-273 

82 Boeei V, Winzler RJ (1969) Metabolism of L-fueose-1 -and of fucose 
glycoproteins in the rat. Am J Physiol 216, 1337-1342 

83 Segal S. Topper YJ (I960) On the biosynthesis of L-fueose and L-fueose 
metabolism in man. Bon lum BiopItysAela 42, 147-151 

84 Bekesi JG. Winzler R.1 (1967) The metabolism of plasma glycoproteins. 
Studies on the incorporation of L-fueose-1- ,4 C into tissue and serum in 
the normal rat. J Biol (hem 242, 3873-3879 

85 ColTev JW, Miller ON. Sellinger OZ 1 1964) The metabolism of L-fucose 
in the rat, J Biol them 239,4011 4017 

86 Yurchenko PD, Atkinson PH 11977) Equilibration of fucosyl glycopro¬ 
tein pools in HeLu cells. Bioehemistiy 16,944-953 

87 Wiese TJ, Dunlap JA, Yorok MA (1994) L-fucose is accumulated via a 
specific transport system in eukaryotic cells../ Biol them 269, 22705 
22711 


KK Radhaknshnamurihy B. Bercnson GS, Parguonkai PS, Voors AW, Srini- 
vasan SR. Plavidal l\ Doliui P. Dalleres HR 11976) Serum live and pm* 
tciti Nmnd sugars ami cardiovascular complications in diuhelex mellitus. 
I ah Invest 34, 159 165 


89 Yorek MA, Wtese TJ, Davidson EP. Dunlap JA, Conner Oi ( I 
Reduced Nu VK 1 adenosine triphosphatusc activity and motor nerve con¬ 
duction velocity in L-fueose fed rats is reversible alter dietary normal¬ 
ization. Metabolism 45,229-234 


*8) Yorek MA, Conner CE, Spanhcimcr RG (1995) I.-fueose reduces col¬ 
lagen and noneollagen protein prixluelion in cultured cerebral micro- 
vessel endothelial cells. J Cell Physiol 165,658-666 
91 Marshall S, Baeote V, Traxinger RR (1991) Discovery of a metabolic 
pathway mediating glucose-induced desensitization of the glucose trans¬ 
port system. Role of hexosuminc biosynthesis in the induction of insulin 


resistance../ Biol them 266,4706 4712 
92 McClain DA, Crook ED (1996) Hexosamines and insulin resistance. 
Diabetes 45,10034009 


93 Kornfeld R (l%7) Studies on L-glutamine D fructose 6-phosphate 
amidolransferase. I. Feedback inhibition by uridine diphosphate-N-ace- 
tylglueosamme. J Biol Cheat 242. 3135-3141 

94 Hebert LF. Daniels MC. Zhou J. Crook ED, Turner RL, Simmons ST, 
Neidigh JL. Zhu JS. Baron AD. McClain DA {1996) Overexpression of 
glutaminedruetose 6-phosphate amidotransferase in transgenic mice 
leads to insulin resistance. J Clin Invest 98,930-936 

95 Ykijarvineu H. Daniels MC. Virkuniaki A, Makimattila S. Delronzo RA, 
McClain D (19%) Increased glutamine:fruetosc-6-phosphate amido¬ 
transferase activity in skeletal muscle of patients with NIDDM. Diabetes 
45. 302 -307 


% Giaccari A, Morvidueci L. Zortctta D. Sbraccia P. Leonetti F, Caiola S, 
Buongiomo A, Bonadonna RC. Tamburrano G (1995) In vivo effects of 




85 


glucosamine on insulin secretion and insulin sensitivity in site tat: 
possible relevance to the maladaptativc responses to chronic hyper 
glycaemia. Diabeiologiti 38. 518.524 

97 Rossetti l .. Hawkins M. (.'hen W. Gituh J. Bar/ilai N i 1995) hi mo 
glucosamine infusion induces msutin resistance in normoglycemic but 
not in hyperglycemic conscious rats J ( tin Invest 96. 152 140 

98 Baron AD, Zhu JS, Weldon II. Maianu L. Garvey WT 1 1995) Gluco 
samine induces insulin resistance in vivo bv affecting Glut4 translocation 
in skeletal muscle - Implications for alucose toxicity. J Clin Invest 96. 
2792-2801 

99 Balkan B. Dunning BE 11994) Glucosamine inhibits glueokinase in vitro 
and produces a glucose-specific impairment of in vivo insulin secretion 
in rats. Diabetes 43, 117.3-1179 

100 Bar/ilai N. Hawkins M. Angelov I. Hu M. Rossetti I. (1996) Gluco¬ 
samine-induced inhibition ol' liver glueokinase impairs the ability of 
hyperglycemia to suppress endogenous glucose production. Diabetes 45. 
1329 1335 

101 Robinson KA, Sens DA. Buse MG (1993) Preexposure to glucosamine 
induces insulin resistance of glucose transport and glycogen synthesis 
in isolated rat skeletal muscles. Studiy of mechanisms in muscle and in 
rat-1 fibroblasts overexpressing the human insulin receptor. Diabetes 42. 
1333-1346 

102 Daniels MC, Kansal P. Smith TM. Paterson A.I. Kudlow .IE. McClain 
DA (1993) Glucose regulation of transforming growth faetor-a ex¬ 
pression is mediated by products of the hexosamine biosynthesis path 
way. Mol tuidocrinoi 7, 1041-1048 

103 Sayeski PP, Kudlow JE (1996) Glucose metabolism to glucosamine is 
necessary for glucose stimulation of transforming growth factor alpha 
gene transcription../ Biol Client 271, 15237 -15243 

104 McCarthy ME (1996) Glucosamine for wound healing. Med Hvpoth 47. 
273-275 

105 McCarthy MF (1994) The neglect of glucosamine as a treatment for 
osteoarthritis - A personal perspective. Med Hvpoth 42. 323 327 

106 Setnikar I, Palumbo R, Canali S. Zanolo G (1993) Pharmacokinetics of 
glucosamine in man. Drui> lies 43. 1109 1113 

107 Mason RM. Sweeney C 11993) The relationship between proteoglycan 
synthesis in Swarm chondrocytes and pathways of cellular energy and 
UDP-sugar metabolism. Catholiydr lies 255. 255 270 

108 Robinson GB (1961) The assimilation and metabolism»f glucosamine 
Biocheni J 104, ft IP 

109 Similar MR, Bradford R. Hern I), Hiuleeott B. Schilling JA 1 1962) Fate 
of radioactive glucosamine administered parenterallv to the rat. Pnn Sot 
ll\p Biol Med 109, 335 337 

110 Robinson UB, Molnar J, Win/ler RJ11964) Biosynthesis of glycopro 
ictus. 1. Incorporation of glucosamine- M C into liver and plasma proteins 
of the ral../ Biol dim 239, 1134 -1141 

111 Shetlur MR. Hern D. Bradford RH. Endecott B (1961) Incorporation of 
11 * |,, C|glueosaniine into serum proteins. Biochim Biophxs Acta 53,615 
ft 16 

112 Capps JC, Shetlur MR. Bradford RH (1966) Hexosamine metabolism. 
1. The absorption and metabolism in vivo of orally administered D-glu- 
cosatnine and N-aeelyl-D-glueosumine in the rat. Biochim Biophxs Acta 
127, 194-204 

113 Shetlur MR. Capps JC. Hern DL (1964) Incorporation of radioactive 
glucosamine into the serum proteins of intact rats and rabbits. Biochim 
Biophxs Acta 83,93-10! 

114 Caps JC, Shetlur MR. Bradford RH (1966) Hexosamine metabolism. 11. 
Effect of insulin and phlorizin on the absorption and metabolism, in vivo. 
of D-glucosainine and N-acctyl-D-glucosumine in the rat. Biochim 
Biophxs Acta 127.205-212 

115 Kohn P. Win/ler RJ. Hoffman RC (1962) Metabolism of D-glucosamine 
and N-ucetyl-D-glucosamine in the intact rat../ Biol C'hem 237.304 308 

116 Van Schaftingen E (1995) Glucosamine-sensitive and -insensitive detri- 
tiation of |2H3|glucose in isolated rat hepaiocytes: a study of the con¬ 
tributions of glueokinase and glucose-ft-phosphatasc. Bioclicm J 308. 
23-29 

117 Robinson GB (1968) Distribution of isotopic label alter the oral admin¬ 
istration of free and bound ,4 C-labeled glucosamine in rats. Bioclicm J 
108. 275-280 


I IS McGarrahan IF. Males I t 1962) Hexosamine metabolism. 1. ! he me¬ 
tabolism in vivo and in vitro ot D-glucosamine-1- ,J C and N-aeetvI-D- 
glucosamine-1- ,J C in rat liver. J Biol Chem 237. 2458-2465 

119 S/umilo 1'. /eng YC. Pasluszak I. Drake R. S/umilo H. f Shorn AD 
( 1996) Purification and properties of UDP-CilcN ActGaIN Ac i pvrophos 
phorylase../ Biol ( hem 271. 13147 13154 

i_() Pasluszak l. Drake R, Llbem AD t1996) Kidnev N-acetylgaUtctosammc 
(GalNAc)-1-phosphate kinase, a new pathway of GalN Ac activation. J 
Biol Chem 271. 20776-20782 

121 White BN. Shetlai MR. Shuriey HM. Schilling JA (1965) Incorporation 
of D-| l- l4 C|galaetosamine into serum proteins and tissues of the rat. 
Biochim Biophxs Acta 101.259-266 

122 Keppler DOR. Puusch J. Decker K (1974) Selective uridine triphosphate 
deficiency induced by D-galactosamine in liver and reversed by pyri¬ 
midine nucleotide precursors. Effect on ribonucleic acid synthesis. J Biol 
Chem 249.211-216 

123 Topaloglu AK. Goto M. Ravindranath T. Zeller WP (1996) Galacto- 
samine alters glucose regulation in ten-day-old rats treated with a low 
dose of endotoxin. Res Common Mol Pathol Pharmacol 91. 297- 302 

124 Bauer (’ll. Lukaschek R. Reutter WG (1974) Studies on the golgi ap¬ 
paratus. Cumulative inhibition of protein and glycoprotein secretion by 
D-galactosamine. Bioclicm J 142. 221- 230 

125 Rijcken WRP. Fervverda W, Van den Eijnden DH. Overdijk B (1995) 
Inllnence of D-galactosamine on the synthesis of sugar nucleotides and 
glycoconjugates in rat hepaiocytes. (llxi ohioltntv 5. 495 -502 

126 Komatsu Y. Shiratori Y, Kavvase T. Hashimoto N. Han K. Shura S. 
Matsumara M. Nivva Y. Kato N. Tada M. Ikeda Y. Tanaka M. Omata M 
(1994) Role of polymorphonuclear leukocytes in galaciosamine he¬ 
patitis: mechanism of adherence to hepatic endothelial cells. Hcpatoloyx 
20. 1548-1556 

127 Katayama T. Cheng CC. Egashira Y. Ohta T. Sanada H (1996) ElTect of 
dietary L-glutaminc on the hcpatotoxic action of D-galactosamine in 
rats. Biosci Bioteelmol Bioclicm 60, 1425-1429 

128 Corfield AP. Schauer R (1982) Metabolism of sialic acids. In: Sialic 
acids, chemistry, metaholism and fimetiim (Schauer R. ed) Springer Ver- 
lag NY. 195 261 

129 Reuter G, Gubins HJ ( 1996) Sialic acids: structure analysis metabo¬ 
lism occurrence - recognition. Biol Chem Hoppe Sevier 377. 325 342 

130 Coates SW. Gurney I. Sommers |.W, Yell M. Hirschherg CB (1980) 
Subeelhilar localization of sugar nucleotide synthesis,./ Biol ( Item 255. 
9225 9229 

131 Rodriguez AparicioFB, Lttcngo IM. < ion/ale/-Clemente C. Rcglero A 
(1992) Purification and characterization of the nuclear cylidme 5' mono 
phosphate N-acetylitcuramiiuc acid synthetase Iroui tat liver. J Biol 
Chem 267.9257 9263 

132 Seppula K, Tieizc F. Krasiiewich D, Weiss P. Ashwell G. Bnrsti G, 
Thomas GH. Packman S. Galtl WA (1991) Sialic acid metabolism in 
sialuria fibroblasts../ Biol Chem 266. 7456 7461 

133 Maru I. Ohta Y. Murala K. Tsukuda Y (1996) Molecular cloning and 
identification of N-aeyl-D-glueosamine 2-cpimerasc from porcine kid¬ 
ney us a renin-binding protein../ Biol Chem 271. 16294 16299 

134 Fritseh M. Geilcn CC. Reuttcr W (1996) Determination of'cytidine 5'- 
monophospho-N-acetylneuraminic acid pool size in cell culture scale 
using high-performance anion -exchange chromatography with pulsed 
amperometrie detection../ Chromotopr 727. 223-231) 

l 45 Kawano T. Koyama S. Takcmatsu II. Ko/utsumi Y. Kawasaki I I. Kavva- 
shima S. Kawasaki I. Suzuki A (1995) Molecular cloning of cytidine 
monophospho-N-aeetylncuraminic acid hydroxylase. Regulation ol 
species and tissue-specific expression of N-glycolylneuraminie acid../ 
Biol Chem 270. 16458-16463 

136 Schlenzka W. Shaw I.. Kclm S. Schmidt CL. Bill F. Trautwein AX. 
Loltvpeich, Schauer R (1996) CMP-N-acetylncuraminic acid hydroxy 
luse: the first Rieske iron-sulphur protein to be described in Eukarya. 
I EBS Lett 385. 197- 2(H) 

137 NOhlc U. Beau JM. Schauer R (1982) Uptake, metabolism and excretion 
of orally and intravenously administered, double-labeled N-glyco 
loylneuraminie acid and single-labeled 2-deoxy-2.3-dehydro N ace 
tylneuruminic acid in the mouse anti ral. hut J Bioclicm 126. 543-548 



i 38 Noble U» Schuuer R (19X1)1 fptake. metabolism and excretion of orally 
ami intravenously administered. I4 C- and 'H-labeled N-acetylneu- 
raminic acid mixture in the mouse ami rat. Wn/i/x’-.SVv/cr \ /. Plnsiol 
than 362, SI495-1506 

1 39 Witt W, Nicolai Hv. /.illikon I* (1979) Uptake and distribution of orally 
applied N-acety- ( ,4 Oncuruminosy 1-lactose and N-acetyl ( ,4 C)neur- 
amuuc ;tcul in the organs of newborn rats. Nutr Metab 23.51-61 

MO Carlson S. House SG t 1986) Oral and intraperitoneal administration of 
N-ueetylneuranumc acid: effect on rat cerebral ami cerebellar N-ace- 
tylneuraminic acid. J Nutr 116. 881-8X6 

141 Puente R, Hneso P t 1993) Lactational changes in the N-glycoloylneu- 
ranumc acid content of bovine milk gangliosides. Rial Chan lloppr- 
Sry&r 374. 475^78 

142 Sanehez-Diiw A, Ruano Ml, l .orente F, Hneso P< 1997) A critical ana¬ 
lysis of total sialic acid ami sialoglycoconjugutc contents of bovine 
milk-based infant formula.,/ Paliatr Gasttventetvl Nuir 24,405-410 

143 Hr: ml Miller J. Bull S, Miller J, McVeagh P( I994 ) The oligosaccharide 
composition of human milk: temporal and individual variations in mono- 
sacchamk' components. J Pat (iaxtrofniavl Nuir 10.371-376 

144 Kuo/ C\ Rudloll S (1993) Biological functions of oligosaccharides in 
human milk. At m Ptmimtr 82, ‘813-012 

145 New but g DS (1997) Do the binding properties of oligosaccharides in 
milk protect human infants from gastro intestinal bacteria?./ Nuir 127. 
smysmi 

146 /.op! D, Roth S (1996) Oligosaccharide anti-infective agents. Umvrt 
347, 1017-1021 

147 Streeker CL Trenieseuux-Chiiuvot C, Riu/i-Fur/ad T, Fournet B, 
llouquelcl S, Montivuil J11973) Mise en evidence d’une oligosaccharido- 
suite msoetee k diverses nteliturtes et determination de la structure ties 
ofqxwaccharidcx excretes, Hypothesc concemtint I’origine ties oligosac- 
eharitlcs ties liquides biologiques, Ot Ami Sri Paris 277,1569 1572 

148 Troy lino H, Villamtel M, Olano A, San/ J, Murtine/Castro I t«9%) 
Monosaccharides ami myodnositol in commercial milks, JAgrir Foot! 
(View 44, 815-817 


149 Malaissc MG, HoyouxC, Fronchimont P. Foidart JB. Mahicu PR (1989) 
1 ; fleets of mannose and mannose derivatives on the clearance of IgG 
antibody-coated erythrocytes in the rat. Immunology 68, 126-132 

150 Nijjar MS, Perry' WS (1970) Effects of intravenous and oral infusion of 
monosaccharides on serum insulin levels in rabbits. Diabetes 19. 155-160 

151 Stniba \VW (1993) Intestinal glutamine metabolism and nutrition. J Nuir 
Biochem 4, 2-9 

152 Leteiko NS.Walsh MJ (1995) Dietary purine nucleotides and the ga¬ 
strointestinal tract. Nutrition 11, 725-730 

153 Paterson AJ, Kudlow JE (1995) Regulation of gIutamine:fructose-6- 
phosphate amidotransferase gene transcription by epidermal growth fac¬ 
tor and glucose. Filth u rinology 136, 2809-2816 

154 Odaka K, Hiramatsu Y, Eguchi K, Kudo T (1994) Effects of epidermal 
growth factor on neonatal growth of rat intestine. Aoa Mai Okayama 
48, 47-50 

155 Ko TC, Beauchamp RD, Townsend CM, Thompson JC, Souba WW 
(1993) Glutamine is essential for epidermal growth factor stimulated 
intestinal cell proliferation. Surgery S14, 147 154 

156 Rambal C, Pachiuudi C, Normand S, Riou JP, Eouisot P, Martin A( 1995) 
Differential incorporation of "C label from dietary glucose into neutral 
sugars of rat intestine maeromoleeules. Ann Nuir Metab 39, 143-151 

157 Rambal C, Paehiaudi C, Normand S, Riou JP, Eouisot P. Martin A( 1992) 
Use of compounds naturally labeled w ith stable isotopes for the study 
of the metabolism of glycoprotein neutral sugars by gas liquid chroma¬ 
tography - isotope-ratio mass spectrometry. Technical validation in the 
rat. Carhahxtlr Res 236, 29-37 

158 Rambal C, Paehiaudi C. Normand S, Riou JP. Eouisot P, Martin A 
(1995) Effects of specific dietary sugars on the incorporation of !3 C 
label from dietary glucose into neutral sugars of rat intestine and 
scrum glycoproteins. Hr J Nutr 73,443-459 

159 Spiliolis JD. Kallarcn/o F (1994) Total parenteral nutrition-associated 
liver dysfunction. Nutrition 10, 255-260 

160 Nakai T, Tanimura H, Mori K. Ynmnto H. Sahara M, Shimomura T 
1 1993) Total parenteral nutrition in posthepateetomv patients. Nutri¬ 
tion 9, 323 328 



